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We have studied the local structure around Co in YBa2(Cu1−xCox)3O7−δ thin films with three
different concentrations: x=0.07, 0.10, 0.17, and in a PrBa2(Cu1−xCox)3O7−δ thin film of concen-
tration x=0.05 using the X-ray Absorption Fine Structure (XAFS) technique. Data were collected
at the Co K-edge with polarizations both parallel and perpendicular to the film surface. We find
that the oxygen neighbors are well ordered and shortened in comparison with YBCO Cu-O values
to 1.80 A˚ and 1.87 A˚ in the c-axis and ab-plane, respectively. A comparison of further neighbors
in the thin film and powder data show that these peaks in the film are suppressed in amplitude
relative to the powder samples, which suggests there is more disorder and/or distortions of the Co
environment present in the thin films.
PACS numbers: 61.10.Ht, 78.70.Dm, 74.72.Jt, 74.72.Bk
I. INTRODUCTION
The substitution of different cations for copper in YBa2Cu3O7−δ (YBCO) has been widely used to study the
relationship between the crystal structure and superconductivity, particularly the differences between Cu(2) in the
CuO2 planes and Cu(1) in the CuO “chains” (See Fig. 1 for the crystal structure). Previous investigations have
shown that Co, Al, and Fe substitute primarily on the Cu(1) site at low defect concentrations1–3, and thereby provide
a probe to study the effect of the Cu(1) chains on the superconducting properties. Co and Fe both suppress the
superconducting transition temperature, Tc, to zero at roughly 15% substitution in bulk samples
4,5. However, the
actual value of Tc in a given sample depends strongly on the sample preparation. (For example we showed earlier
that Tc of 10% YBCO:Fe thin film samples could vary from ∼ 0-80 K depending on the deposition temperature and
cool-down rate6.) It has also been observed7–9 that adding Co (or Fe) to YBCO increases the O concentration.
Many experimental reports indicate that the local environment about Co is strongly distorted or disordered.
Mo¨ssbauer experiments suggest that there are 3-4 inequivalent sites for Fe (Co should be similar) with different
O coordinations10. X-ray Absorption Fine Structure (XAFS) experiments show that the first neighbor oxygens are
quite well ordered but the further neighbor environment is distorted1,9,11. Several groups have interpreted their data
in terms of chain-like Co clusters in the Cu(1) layer4,12 and in some cases a <110> off-center displacement of some
of the Co atoms1,11,13. These small clusters are thought to be responsible for the suppression of Tc by distorting the
Cu planes or by removing holes from the superconducting layer. Each of these reports has a different proposal for the
local structure, again suggesting that it is heavily dependent on sample preparation. There is also the question14 as
to whether all the Co is actually in the bulk YBCO – is some Co located in grain boundaries or within other small
crystallites?
Recent interest in Co substituted YBCO (YBCO:Co) has arisen in conjunction with developments in SNS
(Superconducting-Normal-Superconducting) junctions. In these junctions it is highly desirable for the normal metal
to have the same thermal expansion and lattice parameters as YBCO. YBCO:Co is nearly ideal in this respect and
produces junctions with the lowest resistance15–17. Despite the enthusiasm for these devices and the finding that
YBCO:Co makes a good normal conductor for the junctions, there have been only been a few investigations involving
YBCO:Co thin films15–18. Previous studies of Co substituted YBCO have been on powder samples for which the
relative contributions of the various peaks in the XAFS r-space plots are different than in polarized XAFS studies.
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In this paper, we present a polarized XAFS study of the local structure around the Co ions in thin films of
YBa2(Cu1−xCox)3O7−δ. Three Co concentrations were used: x=0.07, 0.10, 0.17, and the Tc’s were similar to bulk
material. We find that the nearest neighbor oxygen atoms about the Co are contracted both along the c-axis and
in the ab-plane. In previous XAFS measurements1 on powder samples, an average contraction was thought to be
primarily a result of an ab-plane contraction. We also studied a PrBa2(Cu1−xCox)3O7−δ (PBCO:Co) thin film sample
with a Co concentration of x=0.05 and Tc = 0, to see if any significant change occurred in the Co environment when
Y is replaced by Pr.
A brief introduction to polarized XAFS is presented in Sec. II. In Sec.III we give some experimental details and
then outline the general features of the data, including a comparison with powder data in Sec IV. A discussion of
theoretical simulations for various Co distortions is contained in Sec. V. We describe our fits in Sec. VI and discuss
our conclusions in Sec VII.
II. POLARIZED XAFS
The standard XAFS equation for a polycrystalline sample can be written as:
kχ(k) =
∑
j
Aj(k)
R2j
sin[2kRj + φj(k)]exp(−2k
2σ2j − 2Rj/λ(k)) (1)
where the sum is taken over the shells of atoms at a distance Rj from the absorbing atom, with amplitude Aj ,k is the
k-vector of the ejected photon (k = [2m(E − Eo)]
1/2/h¯ where E is the photon energy, Eo is the edge energy), φj(k)
is the total phase shift of the photoelectron due to its interaction with the back scattering and absorbing atoms, λ is
the electron mean free path, and σj (Debye-Waller factor) is the mean variation of Rj arising from static and thermal
disorder. The amplitude is given by:
Aj = NjS
2
0F (Rj , k)
in which Nj is the number of like atoms at a distance Rj , S
2
0
is an overall reduction factor accounting for shake-up
and shake-off processes, and F (Rj , k) is the scattering amplitude. The XAFS technique and data analysis process
have been described in detail elsewhere (for example, see Ref. 19,20).
In the absorption process the outgoing electron is preferentially ejected along the x-ray polarization vector, Pˆ, and
the outgoing electron intensity distribution varies as cos2(θ) = (Rˆ·Pˆ)2 where Rˆ is in the direction of the ejected elec-
tron. Consequently, for non-cubic materials one can take advantage of the high degree of polarization of synchrotron
radiation by using an oriented sample, usually a single crystal or oriented thin film. Neighboring atoms along the
polarization direction are preferentially probed while atoms located in a plane perpendicular to Pˆ are not observed.
Using polarized XAFS in the context of YBCO:Co has the advantage of mimizing the contributions from the in-plane
O(1) atoms with the x-ray polarization along the c-axis of the film (i.e. normal to the film); conversely, when the
polarization vector is in the ab-plane, the contribution from the axial oxygen O(4) atoms is negligible.
III. EXPERIMENTAL DETAILS
The YBCO:Co films were made by pulsed laser deposition onto SrTiO3 substrates and are estimated to be 3000 A˚
thick. Transition temperatures for the three concentrations of Co in YBa2(Cu1−xCox)3O7−δ are: 38 K for x=0.07,
42 K for x=0.10, and nonsuperconducting for x=0.17. The PBCO:Co sample was prepared by laser ablation on a
LaAlO3 substrate and is 5000 A˚ thick. All of the films are aligned with the c-axis perpendicular to the surface.
X-ray absorption spectra were obtained at the Stanford Synchrotron Radiation Laboratory (beamline 4-3) using a
Si(220) monochromator crystal. For each sample, several traces were collected at 80 K in fluorescence mode using a
13-element Ge detector. In each case, data were collected with the x-ray polarization vector approximately parallel
or perpendicular to the film surface (within 9 degrees; the error in cos2(θ) is less than 3%) in order to probe different
atoms within the structure. Count rates were kept below 5 x 104/sec and corrected for the dead-time (∼ 5 − 10µs)
caused by the energy-resolving spectroscopy amplifier. An important use of the Ge detector was to remove Bragg
spikes occurring at the incident beam energy in some of the channels. These spikes were removed by replacing them
with the normalized average data for the other detector elements.
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IV. EXPERIMENTAL RESULTS
A. Qualitative features
An example of the k-space data, kχ(k), for the four samples studied is shown in Fig. 2, with the polarization vector
parallel to the c-axis. The Fourier Transform (FT) of these XAFS data is shown in Fig. 3a. Peaks in the r-space data
correspond to neighbors at different distances with a phase shift, typically -0.4 to -0.2 A˚, due to the photoelectron
interaction with the potentials of both the absorbing and the neighboring atom. For these data, the first peak at ∼ 1.4
A˚ corresponds to two O(4) neighbors along the c-axis, and is well ordered. However, the further neighbor peaks are
very small in amplitude, much smaller than the corresponding peaks for Cu XAFS of an undoped high quality YBCO
film. There should be large contributions from the Ba and Cu(2)/(Co(2)) neighbors in the 3-4 A˚ range; the absence
of these well-defined peaks in the c-axis polarization data suggests a large amount of distortion and/or disorder in the
Co further neighbors. This distortion/disorder appears to be similar for the three YBCO:Co samples but increases
with Co concentration. In addition, the PBCO:Co sample also has a large distortion of the further neighbors even at
only 5% Co.
The corresponding r-space plots for the ab-plane data are shown in Fig. 3b. Again, the first O peak (Co-O(1)/O(5))
is well defined (in this case it is an average within the ab-plane since the film is twinned and the amplitude is therefore
reduced by a factor of two.) For this polarization, the further neighbor contributions in the 3-4 A˚ range should arise
from the Ba and Cu(1)/Co(1) atoms.
A comparison of the data (Fig. 4) for the two orientations shows immediately (dotted lines in Fig. 4) that the
c-axis and ab plane O atoms are at different distances by roughly 0.1 A˚. This means that the Co is not in a cubic
environment and the structure containing the Co is epitaxial with the substrate and the YBCO; hence, if Co were
in a defect phase it would therefore have to be non-cubic and oriented with the substrate, which is unlikely. It is
consistent with the Co replacing Cu in YBCO but with the CoOz cluster displaced from the usual Cu(1) site. The
c-axis O peak is primarily a Co(1)-O(4) peak (a Co(2)-O(4) bond length is expected to be much longer) and the fact
that it is shorter than the Co-O(1) in the ab-plane supports the previous conclusion that Co substitutes primarily
on the Cu(1) site. A comparison with c-axis polarized Cu K-edge pure YBCO film data (Fig. 4c; ab-plane data not
shown) indicates that the Co-O peaks are shorter in both directions than the corresponding Cu-O peaks in the YBCO
thin film; therefore, the O cluster about Co is contracted compared to that about Cu. In comparing the c-axis data
note that for Co(1), there are two O(4) neighbors; for Cu there are 2/3 (1/3 of Cu is from Cu(1)× 2 O(4) neighbors)
at a distance of ∼ 1.4 A˚ and 2/3 neighbors (2/3 of Cu is from Cu(1)× 1 O(4) neighbor) at a longer distance of ∼ 1.9
A˚.
B. Comparison with data for powder samples
To compare the present results with earlier YBCO:Co powder XAFS data1, the c-axis and ab-plane data for the
thin films have been added together in the correct proportions (2/3(ab-plane) + 1/3(c-axis)) to simulate a random
orientation – i.e. a powder. (See Fig. 5 for a comparison of the resulting FT spectra.) There are similar Co
concentrations for some of the YBCO:Co powder samples: for x=0.07 (x = 0.08 for powder) and for x=0.10 (same
for powder). However there is no corresponding x = 0.17 powder sample. For this concentration, the film data seems
most similar to the x=0.30 powder sample. The x=0.05 PBCO:Co data is more disordered in the further neighbors
than YBCO:Co and also compares well with the x=0.30 powder data.
A comparison of the simulated powder data with our earlier powder data shows that the nearest neighbor oxygen
environment around the cobalt is very similar in each case. For the further neighbors, the positions of the oscillations
of the real part of the transform match well; however, the amplitude of the further neighbor peaks for the thin film
and powder samples differ. Thus, the Co atoms appear to have similar distortions in powder and thin film samples,
but the films show much more disorder. It is interesting to note that the 17% (film) data has the same amount of
disorder as in a powder sample of nearly twice its concentration (in which most of the Cu(1) atoms have been replaced
by Co) and supports the suggestion that Co forms clusters in the Cu(1) layer. This effect is even more pronounced in
the 5% PBCO:Co film which has a comparable degree of disorder to that of the 30% powder sample. A large amount
of disorder caused by such small concentrations of Co in the thin films may indicate larger Co clusters have formed in
the 17% film which is similar to the structure when most of the Cu(1) is replaced by Co in the powder samples. The
nature of the distortions and the amount of disorder are most likely sample dependent; however both the YBCO:Co
and PBCO:Co films, which were grown in different laboratories, have more disorder at low Co concentrations than
the corresponding bulk material. This might be evidence that the Co environment in thin film samples is inherently
more disordered than in the bulk materials.
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V. SIMULATED MODELS FOR POSSIBLE COBALT DISTORTIONS
The disorder and/or distortions in the further neighbors (Fig. 3) have so far proved too complicated to fit reliably.
Therefore, we have calculated a number of theoretical XAFS simulations at a temperature of 80 K using the FEFF6
code21,22 in order to determine some possible distortions which might lead to the reduced further neighbor peaks.
In these calculations, we first use the known crystal structure of YBCO to provide an approximately correct local
geometry, and make separate calculations for Co on the Cu(1) and Cu(2) sites. This generates a simulation of the
FT spectrum and provides a starting point for refinements of the local structure discussed below. If no distortions of
the Co(1) or Co(2) sites occurred, the further neighbor peak amplitudes would be comparable to that observed for
polarized Cu K-edge studies of pure YBCO thin films. As noted above, this is inconsistent with the data (see Fig.
4c). We next consider several possible distortions for Co on the Cu(1) site. First, we use the distortions obtained in
earlier studies1,11 of bulk powder samples which suggested that a fraction of the Co are displaced off-center along the
<110> direction by ∼ 0.2 A˚; the fraction depended on the type of Co chain-like clusters that formed. We also include
a small contraction of both nearest neighbor Co-O bond distances. Using typical Debye-Waller parameters, the Co
further neighbor composite-peak for this distorted site are significantly larger than observed in the film data. For
the c-axis data, the simulations show that the Co(1)-Ba peak is considerably reduced, but a large Co(1)-Cu(2) peak
(which includes multi-scattering from Co(1)-O(4)-Cu(2)) occurs near 3.7 A˚ in the r-space data, that is not significantly
decreased by this ab-plane distortion. Consequently, to explain the lack of such a peak in the c-axis data, requires that
some other distortion/disorder be present. The O(4) atoms may be displaced such that the Co(1)-O(4)-Cu(2) unit is
not co-linear, thus reducing the multi-scattering contribution20, or the Co might be displaced along the c-axis. We
could alternatively use a large Debye-Waller parameter, σ; to suppress the Co-Cu(2) peak sufficiently would require
σ ∼ 0.1 A˚.
For the first type of distortion, with the Co displaced ∼ 0.2 A˚ in the <110> direction, perfect co-linearity would
require the O(4) to be displaced ∼ 0.1 A˚ in the <110> direction. However, the difference in the simulation between
perfect co-linearity and an undisplaced O(4) is small. We then consider a number of O(4) displacements (eg. 0, 0.1,
0.2 A˚ ) in the < 110 > direction to further decrease the multi-scattering contribution. The O(4) atoms must be
displaced in this way by ∼ 0.2 A˚ (Fig. 6a) from its original site in order to have an amplitude of the Co(1)–Cu(2)
peak comparable to what is found experimentally. It is not clear what would drive such a distortion in this crystal.
If the Co were distorted only along the c-axis, the Co-Ba would still be visible, although slightly reduced in
amplitude, as shown in Fig. 6b (the Co-Ba contribution has a peak near 3.3 A˚). Such a distortion would produce two
Co-Cu(2) peaks which could destructively interfere. To reduce the Co(1)-Cu(2) peak amplitude (at 3.7 A˚) in this way
to be comparable with the thin film data would require a displacement of the Co by ∼ 0.1 A˚. In order to reduce both
the Ba and Cu(2) peaks, a combination of the above Co displacements (both in the <110> and <001> directions)
may be necessary. In Fig. 6c we show simulations with the Co displaced ∼ 0.2 A˚ in the <110> direction as before,
but with a variety of displacements (eg. 0, 0.05, and 0.10 A˚) in the <001> direction as well.
The argument presented previously for a <110> Co distortion is based on the contracted Co-O bond length in the
ab-plane. If the two nearest O neighbors are on the a and b axes, the short Co-O bonds support the conclusion that
the Co atoms have a <110> off-center displacement. The possibility of a c-axis displacement is less clear. Since the
CoOz cluster is contracted, it may be that the cluster is unstable on the Cu(1) site and moves towards one of the
neighboring Cu(2) atoms.
Finally, we note that simulations for the ab-plane data show that a <110> Co distortion reduces both the Co(1)-Ba
and the Co-Cu(1)/Co(1) contributions, but for a ∼ 0.2 A˚ distortion, the suppression is not as large as observed in the
film data. c-axis displacements will reduce the Co(1)-Ba neighbor peak further but not the Co-Cu(1)/Co(1) peak.
VI. DETAILED FITS AND DISCUSSION
For detailed fits of the data we used theoretical standard functions for the various atom-pairs (Co-O, Co-Ba etc.)
calculated using the FEFF6 code. In our previous study1,11 of YBCO:Co bulk samples, we proposed that the cobalt
ions formed short zigzag chains along the < 110 > direction in the Cu(1) layer. < 110 > displacements of some of
the Co could produce a long Co-O peak (at 2.4 A˚), 3 Ba peaks, one at the normal distance and two separated by
+/− δr from it, and a shortened Co–Cu(1)/Co. Full fits to the nearest neighbors out to 4 A˚ to both the ab-plane and
c-axis orientations using this distortion were tried as well as to other distortion models (such as Co displaced a fixed
amount in the < 110 > and then distorted along the < 001 > direction, or Co displaced in the < 100 > direction,
etc.) all with similar results: fits to the further neighbors were of poor quality. Thus, we have limited our fits to only
the first neighbor O atoms.
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For the c-axis data, we used a FT range of 4.5-11.5 A˚−1 and only fit the first neighbor O peak, either to a single
peak or to a sum of two peaks. Generally the single peak fit (r-space fit range 1.2-1.8 A˚) was good, but there were a
couple discrepancies – the Debye Waller parameter was too small in some cases and the deviation between the fit and
the data was worse near the higher part of the fit range. The single peak fit results are summarized in Table I and
the fits to the Co-O(4) peak are shown in Fig. 7a. The O(4) distribution is consistently short at a distance of ∼ 1.80
A˚ (YBCO has a Cu(1)-O(4) bond length of 1.86 A˚). For the two peak fit we extended the r-space fit range slightly to
1.2-2.0 A˚, and obtained a significantly better fit (this fit matched the main part of the r-space peak better); however,
the second peak which occurs at a longer distance of ∼ 2.3 A˚ has a small amplitude of perhaps 20%. This longer
O(4) peak might be consistent with a Co(2)-O(4) bond. However, since the second peak in the fits overlaps the tail
of the Co-Ba peaks it is not clear that this O peak is significant.
For the ab-plane data, the highest quality fits to the Co-O(1) distribution (Fig. 7b) were obtained using a k-window
of 3.5-11.5 A˚−1 and a fit range of 1.2 to 1.8 A˚. This peak is well ordered, although for the x=0.07 sample a one peak
distribution does not fit well. Another peak at ∼ 2.3 A˚ improves the quality of the fit but without a reasonable fit to
the further neighbors, it is difficult to conclude at the present time whether this peak is real or if it is only correcting
in a crude way for the tail of the further neighbor peaks.
Our results of short, well-defined Co-O peaks, yet disordered further neighbors, for both the c-axis and ab-plane
YBCO:Co and PBCO:Co data indicate the prescence of CoOz clusters. The average distance of this first neighbor
shell is 1.83 A˚ (1/2 × 1.79 + 1/2 × 1.86 = 1.83 A˚) and increases slightly with increasing Co concentration. If it is
assumed that Co has an overall reduction factor, S2o, of 0.7, then there are ∼ 2 O(4) and ∼ 2-3 O(1) neighbors.
These results are very similar to those found in previous measurements on YBCO:Co powders1,9,11. The reduced
amplitude of the Co-Ba and Co-Cu(1)/Cu(2) peaks observed in our data is indicative of Co(1) being displaced from
the (000) position rather than just some other distortion in these atom pairs, although both situations are possible.
Off-center distortions of the Co atoms are consistent with our earlier work1,11 as well as that of Renevier et al.9,23,
but in disagreement with others who found no distortions8,24.
VII. CONCLUSION
We have investigated the local structure about Co in YBCO:Co and PBCO:Co thin films and compared our results
with measurements on bulk powder samples. The nearest neighbor oxygen atoms are well ordered in both data sets
which is evidence of the formation of tightly bound CoOz clusters. The Co-O distances along the c-axis and within
the ab-plane are distinctly different and shortened compared to similar Cu-O bonds in YBCO in both cases: 1.80
and 1.88 A˚ respectively. Thus, the Co substitutes in a region that is epitaxial with the c-axis oriented YBCO. The
short Co-O bond distance for the c-axis polarization supports the Co(1) substitution site, but a small fraction, up
to 10-20%, may be on the Cu(2) site. The further neighbors peaks are decreased in amplitude in the films relative
to powder samples, indicating that the Co environment in these films is more disordered or distorted than in the
powder samples. Theoretical simulations suggest that the Co could be distorted along the < 001 > direction in
addition to a distortion in the < 110 > direction; alternatively, the suppression of the Co(1)-Cu(2) peak requires a
large Debye-Waller factor of ∼ 0.1 A˚. This would produce the decreased amplitude observed in the data, but we are
unable to determine the exact nature of the distortion at the present time.
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FIG. 1. The crystal structure for YBa2Cu3O7−δ. Co is thought to substitute primarily on the Cu(1) site. The O(5) site (not
shown) lies halfway in between the Cu(1) sites along the a-axis.
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FIG. 2. kχ(k) vs. k for the Co K-edge with the polarization along the c-axis for the three concentrations of
YBa2(Cu1−xCox)3O7−δ and the PrBa2(Cu1−xCox)3O7−δ sample. The three curves below the top one have been displaced
for clarity.
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FIG. 3. The left panel a) is the Fourier Transform of the c-axis Co K-edge data for the three YBCO:Co concentrations with
the PBCO:Co data on the bottom. The right panel b) shows the Fourier Transform of the ab-plane data for the same samples.
The envelope curves are the magnitude of the transforms and the fast oscillatory curves are the real parts of the transforms.
For each data set the transform range is from 3.5 to 11.5 A˚−1 and Gaussian broadened by 0.3 A˚−1.
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FIG. 4. A comparison of the YBCO:Co with x=0.10 of the a) c-axis Co K-edge data and the b) ab-plane Co K-edge data.
c-axis polarized Cu K-edge data from normal YBCO is shown in c). For each data set the transform range is from 3.5 to 11.5
A˚−1 and Gaussian broadened by 0.3 A˚−1.
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FIG. 5. a) Comparison of YBCO:Co with x=0.07 c-axis and ab-plane Co K-edge data added together in the proportions
2/3(ab-plane) + 1/3(c-axis) (solid) to that of an 8% powder sample (dotted); b) summed 10% film data (solid) and 10% powder
data (dotted); c) summed 17% film data (solid) and 30% powder data (dotted); d) the summed PBCO:Co film data (solid) is
most similar to the 30% powder data (dotted). For all panels, the k-window is 3.5 to 11.5 A˚−1 and Gaussian broadened by 0.3
A˚−1.
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FIG. 6. FEFF simulations at T=80 K for the Co K-edge with polarization vector along the c-axis. a) illustrates various
O(4) displacements: O(4) not moved from its original site (solid), O(4) displaced by 0.1 A˚ (dotted), and O(4) displaced by 0.2
A˚ (dashed) in the < 110 > direction. The Co(1) atom is distorted by 0.2 A˚ in the <110> direction in each case. b) shows
simulations of various displacements of the Co(1) along the <001> direction: Co(1) in the ideal Cu(1) site (solid), and Co(1)
displaced by 0.05 A˚ (dotted) and 0.10 A˚ (dashed). c) shows simulations in which the Co(1) atom is displaced 0.2 A˚ in the
<110> direction (solid) as in a) but with an additional displacement along the c-axis: Co(1) displaced by 0.05 A˚ (dotted) and
0.10 A˚ (dashed). In the last two panels, the Co-O(4) distances have been shortened by 0.05 A˚ for a better simulation of the
film data. For each data set the transform range is from 3.5 to 11.5 A˚−1.
12
0 0.5 1 1.5 2
-0.4
-0.2
0
0.2
0.4
 
-0.4
-0.2
0
0.2
0.4
-0.4
-0.2
0
0.2
0.4
-0.4
-0.2
0
0.2
0.4
0 0.5 1 1.5 2
-0.2
0
0.2  
-0.2
0
0.2
-0.2
0
0.2
-0.2
0
0.2
FIG. 7. a) single peak fits (dotted) to the Co-O(4) atom-pair for the c-axis data (solid). The fit range is from 1.2 to 1.8 A˚.
The k-window for the fits is 4.5 to 11.5 A˚−1 and Gaussian broadened by 0.3 A˚−1. b) single peak fits (dotted) to the Co-O(1)
atom-pair for the ab-plane data (solid). The fit range is from 1.2 to 1.8 A˚. The k-window for the fits is 3.5 to 11.5 A˚−1 and
Gaussian broadened by 0.3 A˚−1.
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TABLE I. Single peak fit results of the nearest neighbor oxygen atoms for both the c-axis and ab-plane YBCO:Co and
PBCO:Co thin film Co K-edge data. The uncertainties in measurements were estimated to be 0.02 A˚ for bond lengths,
R, and 0.005 A˚ for the Debye-Waller parameter, σ. The amplitude reduction factor, S20 , has an average value of 0.7. The
Cu(1)/Co(1)–O bond lengths should be selected appropriately: Cu(1) for YBCO and Co(1) for YBCO:Co or PBCO:Co.
YBCO YBCO:Co PBCO:Co
Concentration, x 0 0.07 0.10 0.17 0.05
R (Cu(1)/Co(1)–O(4)) [A˚] 1.8597a 1.79 1.80 1.83 1.78
R (Cu(1)/Co(1)–O(1)) [A˚] 1.9407a 1.86 1.88 1.88 1.87
σ (Co(1)–O(4)) [A˚] 0.049 0.058 0.048 0.040
σ (Co(1)–O(1)) [A˚] 0.041 0.041 0.069 0.056
a Neutron diffraction results at T=80 K from Sharma et al.25
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